Lipid droplets (LDs) are important organelles in energy metabolism and lipid storage. Their cores are composed of neutral lipids that form a hydrophobic phase and are surrounded by a phospholipid monolayer that harbors specific proteins. Most well-established LD proteins perform important functions, particularly in cellular lipid metabolism. Morphological studies show LDs in close proximity to and interacting with membrane-bound cellular organelles, including the endoplasmic reticulum, mitochondria, peroxisomes, and endosomes. Because of these close associations, it is difficult to purify LDs to homogeneity. Consequently, the confident identification of bona fide LD proteins via proteomics has been challenging. Here, we report a methodology for LD protein identification based on mass spectrometry and protein correlation profiles. Using LD purification and quantitative, high-resolution mass spectrometry, we identified LD proteins by correlating their purification profiles to those of known LD proteins. Application of the protein correlation profile strategy to LDs isolated from Drosophila S2 cells led to the identification of 111 LD proteins in a cellular LD fraction in which 1481 proteins were detected. LD localization was confirmed in a subset of identified proteins via microscopy of the expressed proteins, thereby validating the approach. Among the identified LD proteins were both well-characterized LD proteins and proteins not previously known to be localized to LDs. Our method provides a high-confidence LD proteome of Drosophila cells and a novel approach that can be applied to identify LD proteins of other cell types and tissues. One of the most pressing issues in eukaryotic cell biology is the need to determine the dynamic composition of organelles that allow for the coordinated execution of many different simultaneous processes. Such knowledge of organelle composition provides the basis for understanding protein functions and their coordination in different organelles. Therefore, comprehensive and highly accurate inventories of organelle proteins are essential.
Lipid droplets (LDs) are important organelles in energy metabolism and lipid storage. Their cores are composed of neutral lipids that form a hydrophobic phase and are surrounded by a phospholipid monolayer that harbors specific proteins. Most well-established LD proteins perform important functions, particularly in cellular lipid metabolism. Morphological studies show LDs in close proximity to and interacting with membrane-bound cellular organelles, including the endoplasmic reticulum, mitochondria, peroxisomes, and endosomes. Because of these close associations, it is difficult to purify LDs to homogeneity. Consequently, the confident identification of bona fide LD proteins via proteomics has been challenging. Here, we report a methodology for LD protein identification based on mass spectrometry and protein correlation profiles. Using LD purification and quantitative, high-resolution mass spectrometry, we identified LD proteins by correlating their purification profiles to those of known LD proteins. Application of the protein correlation profile strategy to LDs isolated from Drosophila S2 cells led to the identification of 111 LD proteins in a cellular LD fraction in which 1481 proteins were detected. LD localization was confirmed in a subset of identified proteins via microscopy of the expressed proteins, thereby validating the approach. Among the identified LD proteins were both well-characterized LD proteins and proteins not previously known to be localized to LDs. Our method provides a high-confidence LD proteome of Drosophila cells and a novel approach that can be applied to identify LD proteins of other cell types and tissues. One of the most pressing issues in eukaryotic cell biology is the need to determine the dynamic composition of organelles that allow for the coordinated execution of many different simultaneous processes. Such knowledge of organelle composition provides the basis for understanding protein functions and their coordination in different organelles. Therefore, comprehensive and highly accurate inventories of organelle proteins are essential.
Rapid advances in mass spectrometry (MS)-based 1 proteomics are revolutionizing cell biology (1) (2) (3) . Subcellular fractionation combined with MS enables the systematic determination of organelle composition. Because the sensitivity of MS has increased, even less abundant proteins of an organelle can now be identified. However, the increased sensitivity also identifies more, and less abundant, contaminant proteins, resulting in longer proteome lists for an experiment and complicating the identification of genuine proteins of an organelle.
This analytic problem is particularly apparent for lipid droplets (LDs). LD architecture differs from that of other organelles in that they have hydrophobic cores of neutral lipids, primarily triacylglycerol and sterol esters, rather than an aqueous lumen. The LD core is shielded from the cytosol by a phospholipid monolayer, into which specific proteins are embedded (4 -6) . The primary function of LDs is to store lipids as reservoirs of metabolic energy and membrane precursors. Additionally, LDs participate in host-pathogen interactions (7) and play central roles in numerous physiological processes and linked pathologies. For example, obesity is characterized by the overaccumulation of LDs in tissues, and LD accumulation in macrophages is a hallmark of atherosclerosis (8, 9) . Given the diverse distribution of LDs in cell types and processes, their protein composition likely varies among cell types and is dynamic. Knowledge of LD compositions in different cell types will lay the foundation for functional characterization of this organelle and could help to reveal novel mechanisms contributing to metabolic diseases.
LD protein composition has been analyzed in over a dozen studies that employed different methodologies to study different cell types ranging in evolutionary complexity from yeast to human (10 -21) . These studies have provided long lists of putative LD proteins, but apart from the consistent identification of several LD marker proteins (e.g., perilipins), LD pro-teomes have been plagued by the identification of contaminants that co-purify with LDs. This is due in part to the tight interactions of LDs with other organelles. Microscopy analyses revealed intimate connections between LDs and the endoplasmic reticulum (ER) and mitochondria (12, (22) (23) (24) (25) (26) , and LDs can form contacts with peroxisomes and different types of endosomes (27, 28) . Not surprisingly, therefore, ER and mitochondrial proteins are found abundantly in reported LD proteomes.
To overcome these limitations of LD protein identification, we designed and applied a quantitative high-resolution MSbased proteomics strategy that employs protein correlation profiles (PCPs) to confidently identify LD proteins in Drosophila cells. PCPs provide a quantitative approach for determining the correlation profiles of purified proteins relative to known organelle markers (29) . PCP studies have yielded some of the most reliable inventories of organelles (30 -33) , but such an approach has not previously been applied to LDs.
EXPERIMENTAL PROCEDURES
Drosophila S2 Cells-Drosophila S2 cells were cultured in Schneider's Drosophila medium (Invitrogen) supplemented with 10% fetal bovine serum and antibiotics (100 unit/ml penicillin and 100 g/ml streptomycin) at 27°C as described elsewhere (34) .
For protein localization in S2 cells, expression vectors (actin promoter) were cloned with the Gateway system (Invitrogen) for the following proteins: Alg14-mCherry (CG6308), Alg1-mCherry (CG18012), Alg2-mCherry (CG1291), Alg11-mCherry (CG11306), Alg10-mCherry (CG32076), mCherry-Seipin (CG9904), selenoprotein SELT-mCherry (CG3887), MBOAT-mCherry (CG5926), Lunapark-mCherry (CG8735), mCherry-steroid binding protein (CG9066), mCherry-sec14 homolog (CG13848), lyso-PA acyltransferase (CG32699), mCherry-short chain dehydrogenase (CG2064), lipase-mCherry (CG17292), mCherry-phospholipase D (CG7718), oxysterol binding protein-mCherry (CG1513), Tango 14-mCherry (CG4775), mCherry-FAS associated factor 2 (CG10372), fatty acid transferase-mCherry (CG7400), CGI-58-mCherry (CG1882), and mCherry-HSL (CG11055). Transfection of S2 cells was performed using Effectene reagent (Qiagen) according to manufacturer's instructions. Transfected cells were stained with 1 g/ml BODIPY493/503 (Invitrogen) for 10 min and imaged with a spinning-disk confocal microscope (TiLL iMIC CSU22, Andor) with a back-illuminated electron-multiplying charge-coupled device camera (iXonEM 897, Andor) and a 100 ϫ 1.4 NA oil immersion objective (Olympus); 16-bit images were collected with Image iQ (version 1.9, Andor), deconvoluted (Huygens, SVI), and cropped (ImageJ).
LD Purification-For LD purification, ten 75-cm 2 cell culture dishes of Drospohila S2 cells were used. Stable isotope labeling of amino acids in cell culture (SILAC) of the S2 cells was performed as previously described, and the labeling efficiency was Ͼ98% before the last passage (35) . LD formation was induced by incubating confluent cells with 1 mM oleate complexed to BSA (36) overnight. LD formation was confirmed via microscopy. Cells were harvested, washed twice with ice-cold PBS, resuspended in 2 ml of buffer (200 mM Tris/HCL, pH 7.5, 2 mM magnesium diactetate, and Complete Protease Inhibitor (Roche)), and lysed on ice with a 2-ml tissue grinder (Kontes) with 20 strokes by hand. The resulting cell lysate was fractionated via three 1-h centrifugation steps at 3000g, 20,000g, and 100,000g at 4°C in thin-wall polyallomer (2.2 ml, 11 mm ϫ 35 mm) tubes (Beckman Coulter) with an S-55S swinging bucket rotor in a Sorvall MTX 150 micro-ultracentrifuge (Thermo Scientific). The supernatant was adjusted to 1 M sucrose in buffer, and the resulting 2 ml fraction was layered under a 12-ml sucrose step-gradient with 2-ml steps (0.75, 0.5, 0.25, 0.125, 0 M) and centrifuged for 12 h at 200,000g at 4°C in 13.2-ml thin-wall polyallomer tubes (Beckman Coulter) with a TH-641 swinging bucket rotor in a Sorvall WX80 ultracentrifuge (Thermo Scientific). The floating white LD fraction was collected with a tube slicer (Beckman Coulter), and the other 2-ml fractions were collected with a pipette. Six fractions of the gradient and the three pellet fractions of the differential centrifugation steps were analyzed via MS-based proteomics.
Protein Digestion-One hundred micrograms of each heavy SILAC sucrose gradient fraction were mixed with equal amounts of light SILAC LD standard. Combined samples were precipitated with 2 ml of ice-cold acetone at 4°C overnight. Precipitated proteins were collected via centrifugation, dried at room temperature, dissolved in 50 l 6 M urea, 2 M thiourea, and 10 mM Tris, and subjected to in-solution digestion. Protein samples were then reduced with 5 l 1 mM DTT for 45 min at room temperature, alkylated with 5 l 5.5 mM iodoacetamide for 30 min, and digested with 4 g endopeptidase Lys-C (Waco) for 3 h. The resulting peptide mixtures were diluted with 200 l 50 mM ammonium bicarbonate and digested with 4 g sequencing-grade modified trypsin (Promega) per protein overnight at room temperature. Trypsin was inactivated via acidification with 0.5 l trifluoroacetic acid (pH Ͻ3), and subsequently 5 g of peptides was concentrated and desalted on reversed-phase C 18 STAGE tips (37, 38) .
Liquid Chromatography-MS/MS Analysis-Peptides were eluted from STAGE tips by 30 l buffer B (80% acetonitrile in 0.5% acetic acid) solution into a 96-well sample plate (Abgene), concentrated in a SpeedVac until the organic solvent was removed, and reconstituted with a one-to-one mix of buffer A (0.5% acetic acid) and buffer A* (2% acetonitrile in 0.1% trifluoroacetic acid). Eluted peptides were analyzed using a nanoflow high-pressure liquid chromatography system (Agilent Technologies or Proxeon Biosystems) coupled on-line via a nanoelectrospray ion source (Proxeon Biosystems) to an LTQ-Orbitrap mass spectrometer (Thermo Scientific). Peptide samples were loaded onto a C 18 reversed-phase column (15 cm long, 75 m inner diameter, packed in-house with ReproSil-Pur C 18 -AQ 3-m resin) in buffer A (0.5% acetic acid) with a flow rate of 500 nl/min and eluted with a linear gradient from 2% to 40% buffer B (80% acetonitrile and 0.5% acetic acid solution) at a flow rate of 250 nl/min over 2 h.
Mass spectra were acquired in the positive ion mode, applying a data-dependent automatic switch between the acquisition of one Orbitrap survey scan (mass range of m/z 300 -1700) and MS/MS of the five most intense ions in the LTQ ("top 5" method).
The target value in the LTQ-Orbitrap was 1,000,000 for the survey scan at a resolution of 60,000 at m/z 400 with lock masses. Fragmentation in the LTQ was performed by means of collision-induced dissociation with a target value of 5000 ions. The ion selection threshold was 1000 counts. Selected sequenced ions were dynamically excluded for 90 s.
MS Data Analysis-Raw mass spectrometric data were analyzed with MaxQuant (version 1.2.0.11) (39) . The raw data and MaxQuant output files are available from the Tranche proteome repository with the following access codes: raw data: DgrMLzEv/6uaJd0LϩQG1eq-TzvRM0sAVU9N7VkL1urdh4cEd9s81j2LyAZtnIMVNaxi oxMS8G-Exz8Cqwi0pojr8uY57EAAAAAAAASFg ϭ ϭ MaxQuant output files: cIEbTExJn93219yD BeDHPxk0P7i0nbSYed2mj340buWup2jD-Dy9B2iϩ0kIP3u9nOGSysN934kMXZASqabMdLwf/XkqQAAAAAAA-AHLQ ϭ ϭ Summary output file: 2LQWICEϩHalrmoOv5bTV-H2IY4kP2wx63wYf3jJ8 eCSepID8BDExjH8OIDiKUUS2idpX9ia5-ZSAxZXJzhArn4XKRvlHsAAAAAAAABVg ϭ ϭ.
The peak list was searched against FlyBase (version 5.24), containing 15,016 proteins combined with common contaminants and concatenated with the reversed versions of all sequences using Andromeda, a search engine incorporated into the MaxQuant framework (40) . Precursor and fragment ions were searched with a maximal initial mass deviation of up to 7 ppm or 0.5 Da, respectively. In the peptide search, trypsin, allowing for cleavage N-terminal to proline, was used as the enzyme specificity. Cysteine carbamidomethylation was selected as a fixed modification, and protein N-terminal acetylation and methionine oxidation were chosen as variable modifications. Depending on a priori knowledge about the number of Arg and Lys residues in the precursor ion determined by MaxQuant before the search, Arg10 and Lys8 were used as additional fixed or variable modifications. A maximum of two missed cleavages and three labeled amino acids were allowed.
MaxQuant automatically quantified and normalized peptides and proteins based on the light SILAC LD standard. Quantification of SILAC pairs was performed by MaxQuant with standard settings using a minimum ratio count of 2. A false discovery rate of 0.01 was required for proteins and peptides with a minimum length of six amino acids. Hierarchical clustering and gene ontology annotation analysis were performed using Perseus software, version 1.2.0.10. Soft clustering was performed using Mfuzz, a software package implemented in the statistical program language R (41).
RESULTS

A Protein Correlation Profile Strategy to Analyze the LD
Proteome-We used Drosophila S2 cells, for which abundant functional data on LD biology exist, to develop an LD PCP. The PCP strategy requires two components that are each labeled with different isotope-containing amino acids: a purified LD sample (the target organelle or "LD standard") and all fractions of a separate LD purification (Fig. 1) .
To obtain these fractions, we purified LDs from cells that were treated with oleate and metabolically labeled with heavy, non-radioactive isotope-containing lysine and arginine (SILAC (42)). Of several tested protocols, a combination of sequential differential centrifugations followed by a sucrose density gradient purification proved to be most effective. To reduce the possibility of contamination of the LD fraction by other organelles or vesicles of disrupted organelles during cell homogenization, we first used three differential centrifugation steps to efficiently remove nuclei, mitochondria, and cellular membranes (fractions 7-9). These centrifugation steps efficiently removed many heavy organelles from the LDs, optimizing our protocol for the analysis of LD proteins, but this procedure precludes the distinction of, for example, mitochondrial and nuclear proteins in the resulting protein correlation profile. In addition, these centrifugation steps decrease the protein complexity of the resulting samples, which enables more comprehensive MS analysis. Samples were then subjected to sucrose density gradient centrifugation, which is commonly used to isolate LDs (36) . We modified this part of the purification protocol with a sucrose step gradient (fractions 6 -1), instead of a continuous sucrose gradient, in order to increase the focusing of protein complexes from different organelles at the interphases of the density steps. To generate the LD standard for PCP analysis, we collected the LD fraction (fraction 1) from a similar purification scheme of oleate-loaded cells that were labeled with light isotope-containing lysine and arginine.
The PCP method is based on spiking a light amino-acidlabeled LD standard in each of the heavy isotope-labeled fractions of the purification. Upon analysis, therefore, the ratio of heavy-and light-labeled versions of each protein in each sample reflects its abundance in this fraction relative to the abundance in the LD fraction. Assembling these abundance ratios for each protein in all fractions yields a plot reflecting the purification and enrichment of each of the identified proteins (shown conceptually in Fig. 1 ).
To determine the relative abundance of the proteins in each fraction, we subjected the mixed samples to liquid chromatography coupled on-line to high-resolution MS (Fig.  1) . The resulting spectra were analyzed with the MaxQuant software suite (39, 40) , leading to an overall identification of 2703 proteins. For the LD fraction, this resulted in the identification of 1481 proteins. The number of identified proteins in the other fractions ranged from 1946 (fraction 8) to 2126 (fraction 9), and in each case, more than 99% were quantified with SILAC ratios (see Table I for proteomics results, supplemental Table S2 for complete proteomics results, and supplemental Fig. S1 for annotated spectra for all single peptide identifications).
To assess the reproducibility of the LD PCP measurements, we compared the results of two different mass spectrometric analyses of the purification fractions mixed with the LD standard. Plotting the protein abundance ratios from the two technical replicates revealed a high correlation between ratios of peptide abundance in a fraction of the two different experiments (Fig. 2) , indicating that our measurements were highly reproducible. Considering this high correlation, most of the variation in the ratios in fraction 1 (average heavy/light ratio (H/L) of 2.9 Ϯ 1.7 S.D.) likely derives from variation in either biological samples or different preparations. Our analysis also revealed that the average ratio in fraction 1 did not center on 1 ( Fig. 2A) . This systematic error is likely due to the complications of measuring protein concentrations in an LD fraction containing large amounts of triacylglycerol. Importantly, because the same amount of LD standard was added to each fraction, the measured ratios of proteins to this standard were comparable across all measured samples. The use of the same internal standard in all measurements thus further adds to the robustness of the PCP approach.
LD PCP Yields Distinct Purification Profiles for LDs and
Other Organelles-We next tested whether the LD PCP segregated organelles into distinct fractions. To compare the profiles of individual proteins, we set the maximum ratio obtained to 1 for each protein and normalized the ratios in the remaining fractions relative to this (H/L). We first analyzed the averaged profiles of known marker proteins for abundant organelles, including the nuclei, the ER, mitochondria, and LDs. The individual abundance profiles of the marker proteins are shown in supplemental Table S2 and are plotted in supplemental Fig. S2 . Each of the organelle profiles was distinct from each of the others and from profiles of cytosolic proteins (Fig. 3A) . Moreover, LDs peaked in the top fraction of the gradient centrifugation, as expected, whereas proteins of organelles characterized by higher density, such as the ER and Golgi apparatus, peaked in the denser fractions. We cannot exclude the possibility that fragments of these organelles might float with LDs. However, as proteins of other organelles have their main abundance in other fractions, such contaminants are nonetheless efficiently subtracted from bona fide LD proteins.
We next analyzed the PCP results for the LD fraction. Because MS analysis identifies the most abundant peaks in a spectrum, the lower abundance of some proteins can result in stochastic absences of measurements of their peptides in some fractions. To offset this potential problem, we filtered our data for proteins that were detected in at least five of the nine purification fractions. Of the 1481 proteins identified in the LD fraction, 1389 met these filtering criteria.
To assess the relative behavior of different proteins with the LD PCP method, we applied hierarchical clustering of the filtered profiles (peptides in at least five fractions). This analysis revealed specific clusters with distinct purification profiles (Fig. 3B) , as expected for proteins purifying as part of an organelle. This contrasts with a continuous spectrum of purification profiles, as would be expected if proteins distributed independently of one another. Analysis of the clusters by gene ontology showed that many of them had an enrichment of marker proteins of a predominant organelle (Fig. 3B) .
Among the proteins in the LD fraction, we found some that peaked in abundance in a different fraction and thus likely were part of a different organelle. Particularly, ER membrane proteins were abundant in the LD fraction (fraction 1), possibly because of the close association between ER and LDs, but they also had a major peak in fraction 8. In contrast, ER luminal proteins had a peak with cytosolic proteins (fractions 2-4), in addition to the ER membrane peak in fraction 8, likely indicating the release of luminal proteins into the cytosol during purification.
The application of hierarchical clustering to LD PCP profiles has a limitation: the process assigns a protein to one organelle class, even if there are two different localizations of the protein (e.g. LDs and ER). To overcome this limitation, we analyzed our data via soft clustering, which generates clusters of typical profiles and assigns to each protein a membership value for each cluster (41) . The membership value (a value between 0 and 1) provides a measurement of the similarity of each protein profile to the core proteins of the cluster. Thus, it measures the likelihood that a protein belongs to a cluster. For example, the similarity of a protein's profile to the LD profile is expressed as an "LD membership value" for each protein, which is an indication of the likelihood that a particular protein is an LD protein (supplemental Table S3 ).
LD PCP Reliably Identifies LD Proteins-Soft clustering identified a profile ("cluster 1") that was typical of LD proteins (Fig. 3C, supplemental Table S3 ). Of the 1389 proteins identified in the LD fraction with more than five valid values in all fractions, only 111 showed an LD-specific purification profile with a membership value Ͼ 0.3 for the LD cluster. This indicates that only 7.5% of the proteins identified in this fraction were candidates for bona fide LD proteins, corresponding to roughly 0.74% of all Drosophila genes. Soft clustering additionally identified groups of proteins representing other organ- Proteins identified in the LD fraction that were identified in at least five of the nine fractions were analyzed. A normalized H/L was used. The cluster number C was set at 9, and cluster stability m ϭ 1.75. Clusters that showed enrichment of proteins of a certain organelle or function are indicated. Proteins with a minimal membership value of 0.3 for LD cluster 1 are shown in supplemental Table S2. elles (e.g. "cluster 2" contains primarily proteins of the Golgi apparatus).
To test whether the proteins identified by PCP as LD proteins were indeed LD proteins, we analyzed their subcellular distribution by means of fluorescence microscopy of expressed proteins in Drosophila S2 cells. Of the 111 candidates, we randomly picked 20 proteins (supplemental Table  S4 ) for analysis. Confirming the PCP analysis, 18 of the 20 proteins (90%) showed a characteristic ring-like staining pattern around LDs (examples can be seen in Figs. 4A-4C) . The other two proteins, encoded by CG5014 (VAP33) and CG33113 (reticulon), showed fluorescent aggregates in most cells and a reticular ER pattern in a few cells. It is not clear whether the observed aggregation and localization to other organelles might be due to tagging and/or overexpression of these proteins, rather than a reflection of their normal subcellular distribution. Alternatively, these two proteins might not be genuine LD proteins. Moreover, considering that the over- (Fig. 3A) . A, proteins localizing exclusively to LDs. B, proteins localizing to LDs and ER. C, proteins localizing to LDs and any other cellular compartment.
expression of fluorescently tagged proteins might lead to spill-over to other organelles, it is difficult to distinguish bona fide LD proteins from proteins with dual cellular localization. Therefore, PCP might be advantageous over microscopy for tagged proteins, as it measures the distribution of endogenous proteins.
Of the remaining 18 proteins, 4 showed only LD-ring signal in fluorescent microscopy, and we classified these as having an "LD-only" localization (Fig. 4A, supplemental Fig. S3A ). In contrast, nine other proteins contained an additional small peak in the fraction containing mostly ER proteins and also showed a reticular pattern, likely representing an ER signal, under fluorescence microscopy. We classified these proteins as "LD ϩ ER" (Fig. 4B, supplemental Fig. S3B ). In these cases, tagged proteins might localize to both the ER and LDs, either because they have a dual localization or because the LD surface is saturated and cannot accommodate additional protein. Alternatively, LD localization in these cases might be due to the spill-over of overexpressed protein from the ER. The remaining five proteins showed a fluorescence signal around LDs, but also some signal that likely represented an organelle other than the ER, such as the plasma membrane (see Fig. 4C or supplemental Fig. S3C CG17292 for an example), and had small additional peaks in the LD PCP that did not overlap with the ER fraction. We classified those proteins as localized to "LD ϩ other" organelles.
Comparing the LD PCP and Other LD Proteome StudiesSeveral proteomics studies have analyzed the composition of LDs in different cell types and species (10, 11, 13, 16 -19, 21) . No data are available on the LD composition of Drosophila cell lines, although proteomic data were generated by two conventional MS-based proteomics from LDs purified from Drosophila larval fat body or embryos (10, 11) . Relative to the other Drosophila studies, the sensitivity of our measurements was much greater (in total, 1481 proteins identified in the LD fraction, in comparison to 645 and 247 proteins). In contrast, however, our LD PCP strategy filtered out contaminants and thereby defined with high confidence a much smaller set of LD proteins (111). This suggests that more than 90% of the proteins typically identified in an LD fraction via MS are likely contaminants. Not surprisingly, therefore, the two LD proteomes of Drosophila fat body and larvae overlap by only 14.4% (112 of a total 780 proteins). In comparing our results with the previously published Drosophila studies, we found little overlap (Fig. 5A, Table II ). For example, we found 10 and 24 proteins overlapping with those identified in the studies of Beller et al. and Cermelli et al., respectively (10, 11) .
Comparing the LD PCP Proteome with Genes Identified via Functional Screens-We and others reported high-content genome-wide screens for LD phenotypes after depletion of each Drosophila protein from cell lines via RNAi (34, 43) . In addition, screens in Drosophila larvae (44) and adult flies (45) identified genes that function in fat storage. We expected that some of the LD proteins we identified would perform important functions for normal LD morphology and/or fat storage. To identify such proteins, we analyzed the data from our LD PCP proteome for overlap with genes previously found in screens for LD-related phenotypes (34, (43) (44) (45) . We found relatively little overlap between the data sets (Table III) , showing that many proteins influencing LD morphology are not localized to the organelle. Reciprocally, many LD proteins function in cellular processes that are independent of LD morphology. Moreover, proteins playing crucial roles in LD function might have redundantly functioning homologs, precluding a strong LD phenotype when only one of the proteins is depleted.
Our LD PCP identified groups of proteins participating in the biological processes that have not been previously linked to LDs (Fig. 5B) . For example, we found a transcription factor, enzymes of lysine metabolism, and parts of the machinery 
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Lipolysis
To further test the reliability of the LD PCP and to assay for the localization of the N-glycan synthesis machinery, we fluorescently tagged all enzymes of dolichol-linked glycan synthesis indentified via MS and compared the localization of the tagged proteins with their profiles generated via PCP (Fig. 6A) . In each of the tested cases, localization of the tagged enzymes via fluorescence microscopy correlated well with their assignment to LDs or the ER based on the correlation profiles of the LD PCP. Alg1, Alg2, and Alg14 had a clear LD profile in the LD PCP and exclusively localized to LDs via fluorescence microscopy. Alg11, showing a strong peak in the LD and a smaller peak in the ER fraction, showed dual localization between LDs and ER. In contrast, Alg10, which had an ER profile in the LD PCP, was present in a reticular pattern excluded from LDs, likely representing the ER. Alg3 and Alg9, which were not detected in the LD PCP, also localized in an ER pattern (data not shown). These findings show that specifically, enzymes catalyzing the early steps of glycan synthesis for N-linked protein modification localize to LDs. Furthermore, these data further confirm that our approach reliably distinguishes between LD and ER proteins.
DISCUSSION
In this paper, we describe a quantitative proteomics approach based on LD purification and MS that employs SILAC and PCP, similar to what has been employed for other organelles (29) , to efficiently determine an LD proteome with a high degree of confidence. The combination of a careful purification scheme and PCP methodology enabled us to extract from the complete LD-containing fraction a set of just over 100 LD proteins with significant confidence. This approach overcomes the limitations of classical fractionation approaches that assign proteins to an organelle based solely on their presence in a purified organelle fraction, rather than co-enrichment with an organelle. Importantly, although our approach relies on cellular fractionation, which can yield false organelle protein identification as result of changes in the behavior of disrupted membranes, we were able to confirm almost all tested candidate proteins for LD localization via fluorescence microscopy, increasing our confidence in our methodology. Our results included some previously identified proteins, validating our approach, and the procedure excluded other proteins as contaminants and identified novel proteins that might function at the LDs.
We focused our analysis on LDs in Drosophila S2 cells as proof of principle for the methodology. These cells provide a well-established system for studying LD cell biology and have been used in high-content, microscopy-based RNAi screens for LD phenotypes (34, 43) . Moreover, the ease and efficiency of gene expression knockdown by RNAi in S2 cells allows future analyses of LD proteomes after the depletion of various cellular factors.
Our LD PCP results yielded several expected proteins with important LD functions. For example, we found CCT1 and CCT2, the isoenzymes catalyzing the rate-limiting step of de novo phosphatidylcholine synthesis, which we had previously found to localize to LDs (46) . Similarly, as expected, we identified Brummer, the Drosophila homolog of the major triglyceride lipase ATGL. In addition, we identified a number of proteins that were not previously known as LD proteins but which are functionally connected to LDs. For example, our LD PCP results identified lysophosphatidic acid acyltransferase, which was among 66 genes that resulted in increased larval fat mass when inactivated (44) . In addition, the overlay of hit lists from genetic screens and our LD PCP identified several proteins not previously implicated in LD biology. For example, we identified SELT, a glycosyltransferase, which results in smaller, more dispersed LDs when depleted (34) , and Mes2, a transcription factor highly expressed in fat body (47, 48) that Proteins identified in LD PCP and in one of the published Drosophila LD proteome studies.
leads to triacylglycerol over-storage when depleted (43) . The localization of Mes2 on LD suggests a signaling function in transmitting information from LDs to the nucleus. We also identified Rab8, a small GTPase involved in vesicular trafficking that was found in a genome-wide screen of genes involved in LD morphology (43) .
A comparison of our proteomes with conventional proteomic studies of Drosophila larval fat body or total larvae LDs (10, 11) showed little overlap between the identified proteins. This could be due to either variations between larval and S2 cell LD proteomes or a larger number of contaminants in the conventional proteomes than in the LD PCP. The latter possibility is supported by the presence of many proteins in the conventional proteome results that have been localized primarily to other organelles, such as ribosomal components or mitochondrial proteins. However, assessing a priori whether a protein is a contaminant based on its known function is challenging. This is highlighted by the unexpected finding that histones, with a well-defined nuclear function, are important LD proteins in developing Drosophila embryos (11) .
In addition to expected proteins, such as CCT and Brummer, we found a number of interesting proteins that had been reported in other studies. For example, the LD PCP and conventional proteomes found an as yet uncharacterized protein with homology to lipases (CG9186 (11)). Moreover, prenyltransferase and fatty acid desaturases were detected among other lipid metabolism enzymes by means of both LD PCP and conventional proteomics. Most likely, these enzymes are abundant and thus have been identified in a number of proteomic studies. Intriguingly, all three LD proteomics studies identified saccheropin dehydrogenase on LDs, suggesting a role for LDs in lysine metabolism. We also found several proteins that were previously not known to localize to LDs. Among them, CG17292 is particularly interesting, as it contains a lipase motif and is highly expressed in Drosophila oenocytes, a cell type that functions similarly to hepatocytes (49) . This finding, together with data suggesting that the enzyme has retinyl esterase activity in vitro, 2 suggests a function for CG17292 in lipid metabolism.
Unexpectedly, the enzymes catalyzing the early steps of the N-linked protein glycosylation pathway were found in the LD PCP, and we confirmed their localization via fluorescence microscopy. In this pathway, glycans are first sequentially added to a dolichol lipid moiety. This process is thought to occur on the cytosolic side of the ER. The resulting glycolipid then flips across the membrane in a poorly characterized reaction to function as a substrate for oligosaccharyltransferase, which transfers the glycan to asparagine residues of ER-lumen exposed proteins. Here, we found specifically that the enzymes that build the glycan tree on dolichol were enriched on LDs (Fig. 6B ). In addition, we detected the homolog of Rft1, proposed to be involved in flipping the dolichol-glycan across the ER bilayer (50) , only in LD fraction 1, and not any other fraction, suggesting that it might also be enriched strongly on LDs. Previously, these enzymes were thought to catalyze their reactions on the cytoplasmic side of the ER (51). Interestingly, a previous study in yeast found Dpm1, the enzyme catalyzing the first step of glycan synthesis, on LDs (52) . These data suggest a link between N-linked glycosylation and LD biology. Of note, dolichol isoprenoid sidechains are particularly extended lipids that might be more easily accommodated at LDs than at the ER bilayer membrane.
In addition to proteins that we found to be exclusively enriched with LDs, our dataset also revealed proteins that have a dual localization. Such proteins have a pool localized on the LD surface, leading to an abundance peak in the LD fraction, and an additional pool acting at a different cellular site, leading to an additional peak in a different fraction of the purification. Examples of such proteins are the members of (45) Proteins identified in the LD PCP whose deletion leads to an alteration in LD morphology or lipid metabolism found in different published screens.
the COPI machinery, the lysosomal NPC2 protein, and epsin, which thus might have dual localizations in the cell, with a pool of each protein localized to LDs. The identification of such proteins might aid in elucidating the processes that mediate the interaction between organelles and might shed light on the role of such junctions in lipid metabolism.
The LD PCP methodology described herein can be easily adapted for the analysis of LD proteomes of a wide range of samples. Also, LD PCP can be combined with dynamic measurements (e.g. to determine changes in proteome composition after the treatment of cells with different stimuli). In such an experiment, one can include another LD fraction, with a third SILAC condition. Changes in the abundance ratio between heavy and medium versions of a protein would then indicate changes in the LD proteome. For determining LD proteomes in tissues, SILAC labeling of the sample is not easily feasible, although it has been achieved for whole animals (53, 54) . Alternatively, for such cases an LD standard can be obtained from a closely related cell line. This approach, using a labeled hepatocyte cell line, was productive in the analysis of the phosphoproteomic response to liver insulin signaling (55) . In cases when a single cell type does not reflect the composition of the tissue cells well, a "Super-SILAC" approach, in which extracts of several cell lines are mixed to reflect the tissue proteome composition (56) , can also be used to generate an LD standard for use in an LD PCP of tissue samples. Thus, the LD PCP is an approach with which one can confidently indentify LD proteins that are isolated from a wide range of sources, including cells and tissues, and studied under dynamic conditions. In summary, we have established a robust method with which to identify LD proteins based on the subtraction of contaminants using PCP combined with subcellular fractionation. By applying this LD PCP method to Drosophila cells, we have revealed expected LD proteins, but we also have identified novel LD proteins and uncovered potential links between LDs and other cellular processes, such as protein glycosylation. We expect that this methodology will be widely applicable to LD research and will help define the dynamic proteome of this important metabolic organelle in different tissues and metabolic states.
